In the Idaho Chemical Processing Plant (ICPP) waste streams, zirconia is often the waste load limiting species. It modifies the glass network, enhances durability, increases viscosity and induces crystallization. The limits of its dissolution in boroaluminosilicate glass, with magnesia and soda additions were experimentally determined.
INTRODUCTION
At present, five types of calcined wastes are stored at the Idaho Chemical Processing Plant (ICPP). These wastes have resulted from the spent fuel dissolution activities. In some of these wastes zirconia is a major component. Until recently, the waste form development efforts focused on transforming these granular wastes to durable waste forms by hot isostatic pressing (HIP). The method was amenable to developing natural crystalline analogues in a glass matrix with waste loadings on the order of 60 to 80 weight% [1, 2] . The formation of high temperature glasses and crystalline phases was characteristic of this method because of the possible supression of the liquidus under volatile pressure in the HIP. Further, because of the processing in a closed system, the method was devoid of secondary waste production. However, concerns with regard to its cost effectiveness have prompted evaluation of alternative technologies, such as immobilizing ICPP wastes in a suitable glass. The present study was'undertaken to develop a suitable compositional surface delineating the fields of glass, glassceramic and ceramic. Since zirconia is a refractory component, it is likely to limit the waste loading in a homogeneous glass and promote ceramic formation. But, ICPP wastes also contain considerable soda, which provides the potential for mixing soda and zirconia to promote pourability and glass formation. Other ICPP waste components of interest are boric oxide, aluminum oxide and magnesium oxide. In an actual situation, it should be possible to develop a glass with maximum utilization of the waste components and minimum extrinsic additions. In this paper, we present formation of glasses and crystalline phases v) < in the system Si0,-A1203~B203-Na20-MgO-Zr02 The potential of partitioned immobilization of transuranics in zircon, transition elements in forsterite and solutes in glass is explored: The interrelations among glass structure, chemical composition and durability are investigated utilizing visible Raman spectroscopy.
EXPERIMENTAL
For glass preparation, the reagent grade components of SiO,, A1203, B203, MgO, ZrO, and Na,C03 were mixed in 100 gram batches, heat treated at 850°C to drive off moisture and carbonate, and melted at 1200°C.
A total of 100 glass compositions were prepared. Each compositional melt was poured into a 1.5 cm3 aluminum mold and annealed at 500°C for 12 hours. The formation of intermediate phases and progressive reactions, was characterized by sintering experiments with two hour isothermal residence times at 900°C, 1000°C, 1100°C and 1200°C respectively. The glass cubes were examined by visible Raman spectroscopy before and after the leach tests, The Raman experiments were performed using Argon laser in accordance with the standard procedure at the laboratory, University of Houston The MCC-1 leach tests were done using the standard procedure at the Idaho Chemical Processing Plant (ICPP) [l) .
The elemental concentrations in the leachate were measured using the standard induction coupled plasma and atomic absorption techniques at ICPP. The leach rates of Al, B, Mg, Na, Si and Zr were calculated from their concentrations in the leachate following a 14 day static test period at 90°C, with a sample surface to leachant volume ratio of 10/cm. The crystalline phases in the glass-ceramic samples were analysed for composition by x-ray powder diffractometer and petrographic microscope.
RESULTS
In the system Si02-A1203-B203-Na20-MgO-ZrOz, three phases are observed at 1200°C as a function of composition. These are liquid, forsterite and zircon.
While zircon crystals occur suspended in the liquid, the forsterite crystals settle to the base of the crucible. Upon pouring and annealing, the liquid transforms to glass without undergoing devitrification or phase separationi
The pourability appears to decrease with the compositional shift towards zirconia. The phase distributions are shown in Figure 1 weight%(Na,O+MgO+ZrO,) . The limit of melting at 120OOC leads to the formation of a liquid phase sintered ceramic field. The phases of this field were not examined in this study. Instead, the regions of interest on the Na,O-MgO-ZrO, surface are liquid+forsterite, liquid+zircon and one phase liquid field. The liquid field is delineated by the zirconia and magnesia solubility limits. The maximum solubility of zirconia is 12 weight% and is observed along the zirconia-soda join. From this point the phase boundary evolves with MgO addition and a corresponding decrease in zirconia to 7 weight% in the liquid. Similarly, the maximum solubility for MgO is 9 weight% along the soda-magnesia join. But the boundary evolves into the ternary with increase in MgO solubility to 11%. The two phase boundaries join to define the forsterite+liquid and zircon+liquid fields. The microscopic examination of polished thin sections under transmitted polarized light reveals euhedral to subhedral outlines for zircon and forsterite, although these crystals occur clustered. The glass matrix is devoid of unreacted phases or crystallite stars and is isotropic under crossed polars. The homogeneity of the glass and its equilibration with the crystals is further supported by the results of a separate sintering experiment. For one of the batches the reaction scheme is as follows: In all the tests boron is the The most mobile and zirconia the least mobile species. sintered polycrystalline compact, with suanite as an important phase, shows maximum boron release and its leach rate is 38g/m2-day. The boron leach rates for glasses fluctuate above and below lg/m2-day with no consistent relation to changes in composition. These fluctuations are evident in Figure 2 on a magnesia-zirconia grid. For glass A, which has sodium alone as the modifier, the bridging and non-bridging oxygen band shifts (498 to 493 cm-', and 1048 to 1042 cm-') are more prominent after leaching (spectrum Al). But, for glass B which contains all the three modifiers, leaching causes an increase in the background intensity (spectrum B1) . Similarly in Figure 4 , glasses C and E develop fluorescent background following leaching (spectrum C1 and El), although its intensity is not as pronounced. The fluorescent intensity appears to decrease with increase in durability and the glasses F and D (Fig. 4) with low leach rates reveal minimal fluorescence effects (spectrum D1 and F1) .
DISCUSSION
Alike the metallurgical and ceramic industries where phase diagrams provide valuable information for materials development, in nuclear waste processing too the temperature dependent compositional surfaces are a useful guide for immobilizing the chemical species in glass, glass-ceramic or ceramic materials. The major components of the ICPP nuclear waste streams are predominantly glass modifiers, and hence the compositional surface of interest is a projection on a modifier plane at a tolerant temperature of 1200OC. The glass melting temperatures higher than 120OOC could potentially volatilize several waste species. The temperatures lower than 1100 to 12OOOC range lead to presence of poorly durable phases such as suanite, which incongruently leaches at a rate of 38g/m2-day for boron. The mutual interactions among the modifiers Na,O-MgO-ZrO, in a compositionally invariant base glass matrix lead to the development of forsterite, zircon and liquid that are separated by a co-crystallization join in the intermediate region of the compostional surface (Fig. 1) .
The glass/ceramic phase boundaries originate because of the limited and complementing solubility of Zr and Mg, such that from their respective soda containing binary joins their phase boundaries traverse from 9wt%MgO and 12 wt% ZrO, to 11 wt%MgO and 7 w t % ZrO, in the ternary. The natural occurrences of these crystals in rocks suggest that Mg sites in forsterite would preferably screen the divalent transition elements (Fe, Cr and Ni) into its lattice, while the Zr sites in zircon are a potential host for Th4+ [ 4 ] .
A limited solid solution between ThSi04 and ZrSiO occurs because of a large size difference approximating l.OA for Th and 0.84a for Zr in eight fold coordination with oxygen [5] . In fact there is a gradual actinide contraction among the transuranics commencing from Th to Am, that favors limited accommodation of transuranics in the zirconium site. Since the ICPP wastes have zirconia in abundance (17 to 20 wt%) and actinides in the parts per million range, it is possible to nucleate zircon as a major phase with addition of silica to immobilize the transuranics of ICPP.
Further, fractional partitioning of ICPP wastes is favored by the differences in the clustering mechanism of forsterite and zircon crystals. The settled clusters of forsterite in the crucible base and the suspended clusters of zircon in the body of the liquid are driven by the low and high viscosities of the liquids in the resepective regimes.
This mechanism can be utilized to immobilize the nuclear waste by sequentially crystallizing these phases and evolving the liquid composition towards magnesium depletion and zirconium enrichment, with continued gravitational settling of forsterite.
This will lead to increase in loading as well as durability. The boron leach rates in zirconia enriched sodium-boroaluminosilicate glasses are lower than the magnesia equivalent(0.53 and 1.86 g/m,-day, glass F and C, table 2). However, the ternary glasses, do not reveal a consistent compositional dependence for the leach rates (Fig. 2) .
The fluctuations in the leach rates with MgO/ZrO, substitutions at a constant soda content (table 2) or decreases in the leach rates with increase in the soda content (table 1) point to the structural changes in glass. They possibly result from valency and size differences among the modifiers Na, Mg and Zr. The structural dependence of leach rate is also evident in the visible Raman spectra. Although Raman spectroscopy cannot be readily used for observing the 0-H stretching, the hydrolysis of samples appears to shift the Raman frequencies and induce fluorescence. The former feature is observed in sodium boroaluminosilicate glass A (Fig. 3,  table 1 ). Interestingly, the leach rate of Na in this glass is very low (0.35g/m2-day). But the elements of the framework Al, Si and part of the B have high leach rates. This perhaps suggests that the frequency shifts in the bridging and nonbridging regions of the Raman spectrum in Figure 3 are a result of framework hydrolysis. When this spectrum is compared with that of glass B (table 1) , hydrolysis in the modifier region appears more prominent. Here the leach rate of Na is very high (6.42 g/m2-day) and that of B is higher (7.7 g/m2-day). For this type of leaching the Raman spectrum is marked by fluorescence in the background. The intensity of fluorescence appears to decrease with leaching in glasses C and E (Fig. 4) . In glass F, where the leach rates of all the elements are below lg/m2-day, the Raman spectrum is devoid of noticeable frequency shifts or fluorescence (Fig. 4) . Possibly, the fluorescent effects arise from the development of altered layers on the leached surfaces following glass corrosion reactions [6] .
The results suggest that visible Raman laser can be used as a rapid quality assurance technique and can be easily adapted for remote analysis. The Raman frequencies and intensities observed in these experiments are similar to those reported in the literature [7, 8] , with differences in composition, annealing and leaching.
